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Abstract
The aim of this investigation was to develop methods for evaluating changes in porosity 
in single-use N95 respirators after exposure to decontamination. To accomplish this, we 
first imaged a respirator (Moldex 2200 N95, NIOSH Approved®) using SEM. Samples 
were cut into 1-cm x 1-cm coupons from three locations of the respirator, identified 
based on respirator design from nasal bridge to chin (top, middle, and bottom) and 
separated into three layers (outer, filter, and inner). The coupons were sputter coated 
with a 10-nm layer of gold. Imaging was carried out using a TESCAN Mira 3 FE-SEM 
with a beam voltage of 5kV. Image analysis was conducted using open-source software 
(Fiji v1.51 and Diameter J) to evaluate the average vacant space between fibers, 
defined as a “pore.” Subsequently, this process was repeated with coupons that were 
decontaminated using ozone vapor (14 ppm/min for 60 min @ 80% humidity). Images 
were processed using an open-source image processing platform (Fiji/Image J 2) to 
evaluate observable damage to the fibers. The average porosity was compared across 
the testing groups with a Diameter J plugin. Using the modalities described, we 
established a system for evaluating respirators through SEM analysis to measure 
changes resulting from decontamination. Further, these methods allowed for 
discrimination between treatment modifications to the test materials, and future studies 
will refine/ validate the method’s reproducibility and accuracy. As a follow-up study, two 
additional N95 models (surgical N95s: 3M 1860S and 3M 1870+) will be examined 
before and after the application of two additional decontamination techniques 
(vaporized hydrogen peroxide and cold atmospheric plasma). Results will be compared 
with the filtration efficiency values of the respirators before and after treatments to 
determine if this method could be used as an indicator of the product efficacy. 
Additionally, a scoring system for “fiber damage” based on results along with the 
filtration performance will provide insight into product efficacy and integrity for 
disposable PPE that undergo decontamination methods. This may need to be relied 
upon during a supply chain shortage, such as a global health pandemic. Disclaimer: 
N95® and NIOSH Approved® are registered certification marks of the U.S. Department 
of Health and Human Services (HHS).

Materials and Methods
Samples for the development of these methods were derived from a set of 
respirators (Moldex 2200 N95, NIOSH Approved). Three of these 
respirators were processed for SEM imaging by cutting 1-cm x 1-cm 
coupons from three distinct locations (Figure 1A). Each coupon was then 
gently separated into the three constituent layers of the respirator; Inner 
layer, Filter Layer, and Outer Layer (Figure 1B). 

Figure 1. A.) Shows the areas 1-cm x 1-cm coupons were cut from the 
Moldex 2200 N95 respirator models. B.) Shows the separated layers of 
each coupon.

Materials and Methods
The individual layers were adhered to 12.7-mm x 8-mm pin stub SEM 
stages via double sided tape, and sputter coated using a EMS Quorum 
q150R S plus sputter coater to apply 10-nm layer of gold coating. 
Processed samples were then loaded into a TESCAN Mira 3 FE-SEM 
microscope and imaged using a beam voltage of 5kv. Working images were 
obtained at varying magnification corresponding to each layer; ~500x for the 
inner layer, ~1.5-1.6kx for the filter layer, and ~60x for the outer layer (figure 
2B,D,F, respectively). One image was taken from the center of each sample 
away from cut/frayed edges for each designated position and layer, totaling 
27 images per mask. Images generated from SEM were then modified to 8-
bit black and white using image j (Fiji v1.51) for input compatibility into 
image processing. Using the Diameter J plugin for ImageJ, processed 
images were subject to segmentation by way of 16 default algorithms and 
turned into sets of 8 binary images representing the type of algorithms 
chosen. Diameter J was then used again to analyze these binary images for 
fiber and pore characteristics; these characteristics were organized, 
combined, and analyzed to extract an average porosity of the original SEM 
image (Figure 3).

Figure 2. A.) Structural image of respirator inner layer at 60x magnification. B.) Working image of inner layer taken at 
503X magnification. C.) Structural image of filter layer taken at 61X magnification. D.) Working image of filter layer 
taken at 1.63kX magnification. E.) Reference image taken of mesh outer layer. F.) Working image of outer layer taken 

at 62X magnification.

Figure 3. Diameter J output montage image from processing of inner layer SEM working image. A.) 
displays the thresholding function output where image is converted into binary; occupied space (white) 
and unoccupied space (black). B.) Displays center line tracing for fibers via axial thinning algorithm. C.) 
displays the results of the Euclidian axial thinning algorithm used to trace branching from fiber structures. 
D.) shows results of the particle analyzer function used to measure unoccupied space determined by 
thresholding.

Materials and Methods
This sampling process was then repeated with sets of testing respirators 
that were subjected to ozone vapor (14 ppm/min for 60 min @ 80% 
humidity) in a constructed ozone sterilization complex (Figure 5) for 3 and 5 
cycles of decontamination. The qualitative changes in the fibers were 
examined via the same imaging parameters across treatment cycles. 
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Figure 4. A) Top view of the OSC from left are Carulite 200 packed tubing using glass wool, ozone 
generator, pump with tubing, and humidifier. B) Side view of the OSC. C) Side view of the OSC during 
exposure, Ozone sensor: 14.2 PPM (Parts per million). D) Side view of the OSC post neutralization, 
Ozone sensor: 0.0 PPM.

Results and Discussion

Figure 5. Ozone treatment modification on Moldex 2200 respirator mask separated by layers (Inner, filter 
and outer). Furthest left are negative control samples that were imaged from untreated masks. Middle 
images were taken on samples post exposure to three cycles of ozone parameters. Furthest right images 
are images taken of samples post exposure to 5 cycles of ozone parameters.

Results and Discussion
The development of these methods demonstrated mixed efficacy in the 
analysis of specific layers of the respirators. Standardization of 
magnification for each respective layer allowed for 27 clear images to be 
obtained per mask (81 images total for untreated samples). From these 
images we observed qualitatively uniform fiber thickness and orientation 
of the mask inner layers. This allowed for the diameter j plugins to identify 
the negative space between strands (i.e. pores) clearly. Additionally, 
images obtained from microscopy of the outer layer revealed that this 
layer likely plays a structural role for this model rather than filtration. 
Imaging of the filter layers revealed a highly convoluted network of micro-
fibers. This network was difficult to obtain pore data from using the 
Diameter j plugins due to limitation of image thresholding. This was likely 
also compounded by the high randomness of fiber orientation in this layer 
of the respirators creating image artifacts that presented as false pores. 
Qualitative modification observed from 3 and 5 cycles of ozone vapor 
exposure demonstrated modest cracking along the surface of the inner 
layer  and outer layers (Figure 5) of the respirators. Modification to the 
filter layer (Figure 5) for each respective test group was not as 
pronounced. Further work on developing pore analysis methods for filter 
layers is warranted and will be the focus of our next stage of development.

Conclusion
The progress in developing these methods has provided key insights into 
the anatomy of these respirators. With this, we have worked towards 
establishing standardization in sampling and imaging that will allow for 
further development of pore-analysis methods. Future efforts will be 
focused on the application of open source imaging software and 
computational modeling to refine the process of analyzing the respirator 
filter layers. These efforts will then be applied to discriminating between 
modifications seen through alternative decontamination techniques (cold 
atmospheric plasma and vaporized hydrogen peroxide). As a follow up 
study, developed methodologies will then be applied in the analysis of 
surgical N95 respirators (3M 18060S and 3M 1870+) before and after 
exposure to the three selected decontamination techniques. These 
results will then be compared with results generated from filtration 
efficiency testing to develop an indicator of product efficacy. Additional 
analysis will be placed on scoring the modifications observed during 
decontamination cycles to create a scoring system for “fiber damage”. 
Information generated from this line of investigation along with filtration 
efficiency data will provide insight into product efficacy and performance 
of disposable N95 respirators and may be relied upon during times of 
supply chain shortage. 
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